Introduction
Vesicles have spherical, hollow structures consisting of bilayers. The particular structural characteristics of vesicles, which possess both hydrophilic and hydrophobic regions, allow them to encapsulate hydrophilic and/or hydrophobic materials 1, 2 . Vesicles are usually constituted by double-chain amphiphiles, such as phospholipids. Since Kaler et al. 3 reported the first example of spontaneous vesicle formation from mixed cationic and anionic singlechain surfactants in aqueous phase, the term catanionic vesicle has been commonly accepted to describe vesicular systems fabricated from mixtures of cationic and anionic surfactants. The association of cationic and anionic surfactants through interactions between their polar headgroups can produce a complex with a structure mimicking the doublechain structure of phospholipids, and thus, these complexes tend to form vesicular structures in aqueous phase under certain conditions 4, 5 . Mixtures of oppositely charged surfactants can be classified into two types: catanionic mixtures or catanionic surfactants and ion pair amphiphiles IPAs . The former include counterions, whereas in the latter, the counterions are removed, leaving the two oppositely charged amphiphilic ions 4, 6 . In early studies, the phase behavior of catanionic mixtures indicated that the vesicle domains exist in the excess cationic or anionic surfactant region and the low-concentration region, whereas precipitation generally occurs under equimolar conditions 4, 5, 7 .
That is, unlike catanionic mixtures, IPAs do not usually form vesicles spontaneously. Instead, considerable mechanical energy is necessary to form vesicles from IPAs 8 14 .
Moreover, because of their thermodynamically unstable characteristics, IPA vesicle dispersions usually exhibit short-term physical stability 8, 12, 14 .
Although catanionic mixtures can form catanionic vesicles spontaneously, such systems generally show complicated phase behavior. IPAs without excess salt usually possess low solubility in water and form catanionic vesicles with difficulty. To overcome these drawbacks, such as the excess salt present in catanionic mixtures, low IPA solubility, and poor physical stability of catanionic vesicles, various catanionic mixtures and IPAs have been designed and applied in the fabrication of catanionic vesicles. Other additives have been also adopted to improve the catanionic vesicles physical stability. Furthermore, potential applications of catanionic vesicles in drug delivery have been investigated. In this review, we focus on the recent development of new catanionic vesicles, which represent great breakthroughs and have potential for drug delivery applications.
anionic surfactants. The size, charge, and permeability of the catanionic vesicles can be further adjusted by varying the temperature, concentration, molar ratio, and chain length of the cationic and anionic surfactants 15 . Moreover, catanionic vesicles can efficiently encapsulate solutes and retain the molecules over long periods 16, 17 . Thus, catanionic vesicles have great potential as drug carriers. However, the phase behavior of catanionic mixtures possessing several components is complicated for analysis 18 , although simplified ternary diagrams cationic surfactant, anionic surfactant, and water have often been adopted. In addition, the vesicle domains usually exist in the excess cationic or anionic surfactant region and the low-concentration region, whereas precipitation occurs under equimolar conditions 4, 5, 7 . As a result, the applications of catanionic mixtures are limited. Furthermore, the toxicity and entrapment efficiency of catanionic vesicles must also be considered for pharmaceutical applications 19 23 .
To transform the precipitates of catanionic mixtures into vesicles, Huang s group introduced nonaqueous polar solvents into mixed cationic-anionic surfactant systems that preferentially precipitate in the aqueous phase 24 26 . The presence of nonaqueous polar solvents with low dielectric constants strengthened the solvophobic effects of the headgroups of vesicle-forming molecules and weakened the solvophobic effect of their tail groups Fig. 1 14, 27 , inducing strong attraction between the polar groups. As a result, the average molecule-occupied area decreased and fewer co-solvent molecules existed in the polar group layer of the vesicles, affecting the amphiphiles critical packing parameters and changing the solubility and vesicle-forming ability of the IPAs 14, 24 . Thus, the presence of nonaqueous polar solvents effectively induced catanionic vesicle formation from catanionic precipitates. This finding was extended to the formation of catanionic vesicles from IPAs as well 14, 27 . In addition, Huang s group revealed that the catanionic vesicles fabricated from bolaamphiphiles or gemini surfactants and oppositely charged surfactants possessed superior thermo-stability in aqueous solutions. Through carefully designing and choosing the oppositely charged bolaamphiphile/surfactant system, catanionic vesicles with high stability in harsh environments could be fabricated 28 30 .
Catanionic mixture systems are complicated, and it is not easy to clarify which factor dominates their solution properties. Several investigations have focused on salt-free catanionic surfactant systems by eliminating excess salt. Unlike salt-free IPAs, salt-free catanionic surfactant systems adopted basic OH and acidic H ions as the counterions for the cationic and anionic surfactants, respectively 31 . Hao and co-workers reviewed the self-assembled structures produced from salt-free catanionic surfactant systems and explored these systems phase behaviors 31 35 . Several functionalized salt-free catanionic surfactant systems, such as amino-calix 6 arene/sugarbased surfactant association and Jaffamine/fatty acid cataniomeric surfactant, have been prepared through a simple acid-base reaction 36, 37 . Recently, Xu et al. used lauric acid and excess tetradecyltrimethylammonium hydroxide to create salt-free catanionic vesicles with positive charges, revealing that compared with salt-containing catanionic surfactant systems, salt-free catanionic vesicles have greater DNA-binding abilities, which are of great importance for gene delivery applications 38 .
The surface charge density of catanionic vesicles can be tuned by adjusting the mole ratio of the cationic/anionic surfactants. Thus, catanionic vesicles can interact with charged biopolymers, such as protein, RNA, DNA, and synthetic polyelectrolytes, through electrostatic interactions 39 47 .
The association behavior depends on the charge densities of the vesicles and polymers. Regarding transfection applications, both the DNA-binding ability and the cytotoxicity of catanionic vesicles must be considered. Mesa s group evaluated the DNA-binding ability and cytotoxicity of catanionic vesicles formed using dodecylsulfate/cetyltrimethylammonium bromide SDS/CTAB and sodium dodecylsulfate/didodecyldimethylammonium bromide mixtures and concluded that SDS/CTAB vesicles with comparatively low cytotoxicities may be adopted for gene therapy and the control of antiproliferative diseases 20, 44 . Furthermore, to reduce the cytotoxicity and enhance the transfection of the vesicles for pharmaceutical applications, using amino acid-based amphiphiles to form biocompatible catanionic vesicles is a possible approach 39 41, 48 .
To be a drug carrier, its drug loading content should be considered. Fabricating catanionic vesicles from catanionic drug/surfactant mixtures is a feasible way to increase their drug loading content. Since Paulsson and Edsman 49 discovered that surface-active drug molecules could form catanionic complexes either micelles or vesicles with oppositely charged surfactants, several studies have concentrated on fabricating vesicles from catanionic drug/ surfactant mixtures with drug delivery applications 6, 21, 50 54 .
These studies have revealed that the drug-release behavior of catanionic drug/surfactant mixtures is tightly correlated to the phase behavior of the mixed oppositely charged drug/surfactant system. Furthermore, the catanionic drug/ surfactant vesicles show notable long-term drug release, indicating that drug-containing catanionic vesicle could be a good material for sustained drug release.
IPAs
IPAs are formed by pairing two oppositely charged surfactants and removing the counterions. The typical approaches for IPA formation can be classified into three types: ion-exchange, extraction, and precipitation methods 5 . The ion-exchange methods involve using a suit-able ion-exchange resin to convert the anionic and cationic surfactants into their protonated and hydroxide forms, respectively. An acid-base reaction is then performed by mixing the two surfactant solutions to obtain the IPA 8, 13, 55, 56 .
In extraction methods, IPAs are prepared by mixing equimolar amounts of oppositely charged surfactants in water, followed by extraction with an appropriate organic solvent. The precipitation methods produce IPAs as precipitates by mixing equimolar amounts of oppositely charged surfactants in water and removing the residual counterions by repeated washing and centrifugation 12, 57 . Subsequently, elemental analysis is usually performed to confirm that the IPA is composed of two oppositely charged moieties of mixed cationic/anionic surfactants at an equimolar ratio 12, 58 .
Catanionic vesicles prepared from pure aqueous-phase IPAs usually exhibit short-term physical stability 8, 12, 14 . To overcome this shortcoming, various approaches have been employed to adjust the inter-vesicle and/or intra-vesicle interactions and thereby enhance the catanionic vesicles physical stability. Bramer et al. 6 reviewed several catanionic vesicle studies investigating the use of multiplechained IPAs 9, 13 , bolaamphiphiles and dimeric or gemini surfactants 10, 11 , and polymerized IPAs 55, 56 , which could improve the membrane tightness of the vesicular structures. Recently, Marques and co-workers reported that IPAs containing cationic and anionic moieties with highly mismatched solubilities displayed remarkable phase behavior in water 59 63 . The stable, charged catanionic aggregates formed spontaneously because of the partial dissociation of short-chain ionic moieties with high aqueous-phase solubility. The detailed effects of the headgroup and chain length mismatch on the phase behavior of IPAs have also been investigated, suggesting that an appropriate tuning of the solubility mismatch could allow the molecular self-assembly to be controlled 60 63 .
To improve the physical stability of the catanionic vesicles formed from IPAs, additive and co-solvent effects have been investigated. In a study by Wu et al. 64 , positively charged catanionic vesicles were successfully fabricated from hexadecyltrimethylammonium-dodecylsulfate HTMA-DS with the addition of a double-chain cationic surfactant dialkyldimethylammonium bromide, DXDAB , including ditetradecyldimethylammonium bromide DTDAB , dihexadecyldimethylammonium bromide DHDAB , and dioctadecyldimethylammonium bromide DODAB , through thin-film preparation and mechanical between mixed HTMA-DS/DHDAB vesicles and DNA and found that the improved molecular packing in the IPA vesicular bilayers with the addition of DHDAB and DNA association, resulting from inhibited HTMA desorption, played a crucial role in forming the stable vesicle/DNA complexes Fig. 2b . The HTMA-DS/DTDAB vesicles were also fabricated in calcium chloride aqueous solution for gene-transfection applications, and reduced vesicle physical stability was detected. However, the addition of cholesterol effectively enhanced the vesicles charge character and physical stability by adjusting the molecular packing in the vesicular bilayers Fig. 2c 66 . Furthermore, the cytotoxicity of the vesicles composed of HTMA-DS/DTDAB with cholesterol was examined while considering potential applications 67, 68 .
Since Huang s group proposed fabricating catanionic vesicles from several mixed cationic-anionic surfactant systems by means of co-solvent addition in water 24 26 , using a co-solvent to decrease the aqueous-phase dielectric constant has been employed to create catanionic vesicles from IPAs with either a spontaneous or mechanical disruption approach 14, 69, 70 . Thus, catanionic vesicles have been prepared by dissolving an IPA in alcohol and then adding water with mixing by a homogenizer. This simple method, in which no counterions exist in the solution and no film preparation is needed, is considered to be a semi-spontaneous method 69 .
Because of the added co-solvent, catanionic vesicles prepared by a semi-spontaneous method have the potential to be applied in dermal drug delivery. Yang and co-workers developed ethosome-like catanionic vesicles using IPA, water, and a relatively high concentration of ethanol through a semi-spontaneous method 71 74 . The ethosomelike catanionic vesicles composed of decyltrimethylammonium-dodecylsulfate DeTMA-DS , which was in the liquid crystalline state in a water/ethanol mixture at room temperature, could effectively encapsulate vitamin E acetate α-tocopherol acetate, α-TA , and the vesicle stability and α-TA encapsulation efficiency could be further enhanced by the addition of cholesterol, which was probably due to the increased membrane rigidity 72, 75 . However, the addition of cholesterol to the catanionic vesicles composed of dodecyltrimethylammonium-dodecylsulfate DTMA-DS in the gel state in a mixed water/ethanol solvent at room temperature exerted the opposite effects on membrane rigidity and drug encapsulation efficiency 74 . Additionally, the vesicular membrane rigidity of ethosome-like catanionic vesicles appears to positively correlate with the vesicles encapsulation efficiency.
To enhance the viscosity of a vesicle dispersion to promote skin mucoadhesion, using polymers to achieve vesicle gelation is an essential strategy. Chiu et al. 73 discussed the gelation of ethosome-like catanionic vesicles using polymers and suggested interaction mechanisms between the vesicles and polycations Fig. 3 . The decreased dielectric constant of mixed solvents caused by adding ethanol may render the chains of the water-soluble polycations with hydrophobic modifications HMP to be more extended, resulting in weak interactions between the vesicles and polymers. Moreover, the presence of cholesterol promoted the formation of a more rigid and hydrophobic vesicular bilayer and thus enhanced the interaction between the vesicles and HMP . However, neither the ethanol concentration nor the cholesterol content exerted a substantial effect on the interactions between the vesicles and water-soluble polycations without hydrophobic modification P . These findings suggested that hydrophobic interactions influenced the gelation of ethosome-like catanionic vesicles by the polymer molecules to a greater extent than the electrostatic interactions.
Perspective and conclusions
Catanionic vesicles can be fabricated from diverse materials and applied as drug or gene delivery carriers. The examples given in this review only cover a small fraction of the research groups focusing on this topic that have provided useful strategies to overcome the potential drawbacks of catanionic mixture systems. For instance, using basic and acidic ions as the cationic and anionic surfactants counterions, respectively, to form catanionic vesicles could avoid the presence of excess salt in the aqueous solution. Additionally, co-solvent addition could effectively improve the solubility of catanionic mixtures and IPAs and further assist in the formation of ethosome-like catanionic vesicles for dermal drug delivery. Additives, such as extra ionic surfactants and cholesterol, can enhance the physical stability of vesicles formed from IPAs by adjusting their charge and molecular packing characteristics. Catanionic vesicles produced from catanionic drug/surfactant mixtures possess the ability to encapsulate high drug contents and exhibit notable long-term drug release. Moreover, catanionic vesicles DNA-binding ability, cytotoxicity, and ge-lation behavior have been investigated in relation to potential pharmaceutical applications.
Other systems involving oppositely charged surfactants have been reported for different purposes. For example, catanionic vesicles formed from sugar-derived or biocompatible catanionic surfactants could exhibit improved hydrophilic drug loading and reduced toxicity 76 79 . The unique properties of spontaneously fusing with cell plasma membranes and releasing hydrophilic contents directly into the cytosol have been demonstrated in lactose-derived catanionic vesicles 79 . The crystalline order of catanionic bilayers formed from cationic peptides and fatty acids can be controlled by varying the pH or molecular tail length, facilitating adjustment of molecules diffusion rates across the bilayer 80, 81 . Furthermore, using photoresponsive surfactants to form catanionic vesicles could lead to the development of photosensitive nanodevices with tunable external control over encapsulation and release properties 82 85 .
Magnetic gel catanionic vesicles decorated with superparamagnetic nanoparticles have been prepared to control the delivery of small solutes under conditions of mild hyperthermia 17 . In addition, the Langmuir monolayer technique and molecular dynamics simulations have been applied to explore catanionic bilayer characteristics and investigate catanionic vesicles stabilization mechanisms in depth 80, 81, 86 90 .
Although increasing numbers of studies are investigating catanionic vesicles, the clinical application of these vesicles remains challenging. In this regard, biocompatible or low toxicity catanionic vesicles with long-term stability should be fabricated. In addition, the salt-induced aggregation of catanionic vesicles must be overcome and methods to stabilize catanionic vesicles in physiological environments should be developed. However, given the innovative research being pursued by numerous research groups, pharmaceutical applications of catanionic vesicles can be expected in the near future.
